Objective: The aim of this study was to evaluate the effects of transcranial magnetic stimulation synchronized with maximal effort to make a target movement in patients with chronic hemiplegia involving the hand. Design: Non-randomized double-blinded controlled trial. Subjects: Nine chronic patients with hemiplegia who were unable to fully extend the affected fingers following stroke. Methods: Patients were assigned to receive 100 pulses of active or sham transcranial magnetic stimulation of the affected hemisphere per session. Each active or sham pulse was delivered during maximal effort at thumb and finger extension as a target movement. A blinded rater assessed stroke impairments at baseline, immediately after, and one week after 4 weekly transcranial magnetic stimulation sessions. Motor evoked potential amplitudes were measured at each session. Results: All sessions were completed without adverse effects. Immediately after the fourth transcranial magnetic stimulation session, 4 of 5 patients in the active transcranial magnetic stimulation group (80%) had either reduced wrist flexor spasticity or improved manual performance; no such change occurred in the sham group (Fisher's exact test, p < 0.05). Effects persisted one week later. In the active transcranial magnetic stimulation group, 3 patients who showed an increase in motor evoked potential amplitudes all had improvement in clinical assessments. Conclusion: Transcranial magnetic stimulation synchronized with maximum effort to make a target movement improved hand motor function in patients with chronic hemiplegia.
INTRoduCTIoN
Maximal recovery of the upper extremity is usually attained within 6-7 months after stroke onset, although a smaller proportion of patients show some recovery from 7 months to one year (1) . Therapeutic interventions for hemiplegic hands include neuromuscular facilitation (2) , electromyographic (EMG) biofeedback (3), functional electrical stimulation (4) and constraint-induced movement (5) . Motor recovery in patients treated with a facilitation technique did not differ significantly from recovery in patients treated with conventional therapeutic exercises (2) . Treatment using EMG biofeedback or constraint-induced movement is effective in patients with chronic hemiplegia, but some preservation of voluntary movements is required (3, 5) . Although electrical stimulation of wrist extensors and ankle dorsiflexors has been reported to improve movement in these muscle groups (4), the movements induced are limited to the distribution of the stimulated nerve; this is insufficient for performance of fine movements such as finger extension at all joints, or prehension. Thus, new techniques are required to enhance recovery of motor output mediating hand movements that are impaired in patients with chronic hemiplegia.
Non-invasive brain stimulation techniques, such as repetitive transcranial magnetic stimulation (rTMS) and transcranial direct current stimulation (tdCS), have emerged as promising tools for enhancing recovery of hemiplegia (6) . up-regulation of excitability of the affected hemisphere by high-frequency rTMS or anodal tdCS over the affected motor area, or downregulation of the unaffected motor area by low frequency rTMS or cathodal tdCS, have been reported to improve motor function in a hemiplegic hand (6) . In these studies subjects were at rest during stimulation.
use-dependent plastic changes of the motor cortex are known to occur in healthy humans (7) and in animals with damaged motor cortex (8, 9) . Changes in excitability of the motor cortex depend on the direction and frequency of the movement. In addition, TMS has been reported to enhance such use-dependent plastic change when synchronized with a target movement (10) .
In a previous report (11) we described results of 12 weekly sessions using the same TMS protocol examined in the present study in a 47-year-old patient who had right hemiplegia for 3 years and 4 months from a left putaminal haemorrhage. In that patient, beginning at week 3, motor evoked potentials (MEP) and voluntary electromyographic discharges of the extensor digitorum muscle appeared; Brunnstrom's recovery stage for TRANSCRANIAl MAGNETIC STIMulATIoN SyNChRoNIzEd wITh MAxIMAl MovEMENT EFFoRT oF ThE hEMIPlEGIC hANd AFTER STRokE: A douBlE-BlINdEd CoNTRollEd PIloT STudy finger function improved from III (mass flexion) to IV (lateral prehension by thumb movement and voluntary extension of the thumb, ring, and little fingers). Thus encouraged, we implemented a double-blind study in patients with chronic stroke to investigate the effects on motor performance in the hemiplegic hand of TMS applied to the affected motor cortex during maximal movement effort. Finger extension was chosen as a target movement for patients who could not extend their fingers adequately. These patients were unlikely to be candidates for other training programs such as constraint-induced movement therapy.
MATERIAlS ANd METhodS

Subjects
Nine patients (7 men, 2 women; mean age 66.3 years) were recruited with informed consent after ethics committee approval, from April to december 2005. Inclusion criteria were: (i) adult hemiplegic patients;
(ii) over 6 months after onset of a first-ever stroke; (iii) supratentorial lesion; (iv) inability to fully extend the affected fingers; and (v) ability to comprehend the task required for clinical evaluation and the intervention in this study. we excluded patients with any clinically significant or unstable medical disorder, or contraindications to TMS. All pre-existing interventions including medications, physical therapy, and occupational therapy were maintained during the study.
Experimental design
This was a longitudinal, non-randomized, parallel-design, shamcontrolled, double-blinded trial. Patients were enrolled consecutively. The first 5 patients were enrolled to the active TMS group, and the following 4 patients to the sham TMS group. A rater who did not know the group to which each patient was assigned assessed the outcome. Patients did not know whether the stimulation delivered to them was active or sham.
Motor cortex mapping and motor threshold assessment
Patients were seated in a comfortable chair with the test arm supported and relaxed on the armrest in pronation. EMG data were collected from the affected extensor digitorum muscle via surface electrodes. Recording electrodes (10-mm discs, NE102A; Nihon kohden, Tokyo, Japan) were placed over the proximal third of the pronated forearm, midway between the radial and ulnar aspect. Reference electrodes were located 3 cm distal to the recording electrodes. Signals were sampled for 200 ms, amplified, and recorded by an EMG machine (Neuropack µ, Nihon Kohden, Tokyo, Japan) with a bandpass filter accepting frequencies between 10 and 5000 hz. Recording of muscle activity was triggered 30 ms before stimulation.
Stimulation was delivered using a Magstim Rapid Stimulator (MRS1000/50; Magstim, Carmarthenshire, uk) equipped with a 70-mm figure-of-eight coil. Electric current travelled biphasically. Peak dB/dt was 33 kTesla/s. Active pulse duration was 250 µs. The coil was held tangentially to the scalp. The handle of the coil was oriented posteriorly, and the coil was moved over the scalp in 1-cm increments.
The motor "hot spot" of the extensor digitorum extensor digitorum muscles was determined according to the recommendations of the International Federation of Clinical Neurophysiology (12) .
The resting motor threshold (MT) of the Ed muscles in the affected hemisphere was measured to the nearest 5% of maximal output as the stimulus required to produce responses of at least 50 µv in at least 4 of 8 stimuli at the motor "hot spot" for the tested muscle. we did not deliver stimulation at intensities greater than 80%. when stimulation at 80% output did not reach the resting MT, the resting MT was recorded as greater than 80%.
Intervention with transcranial magnetic stimulation
Stimulation intensities were determined individually to produce a MEP of about 1 mv amplitude in response to stimulation at the motor "hot spot" during the first session, and then were kept constant throughout the trials. If this intensity exceeded 80% of the maximum stimulator output, the intensity was set at 80% to avoid heating of the coil.
If MEP were absent to stimulation of the involved hemisphere at an intensity of 80%, the motor "hot spot" was defined by symmetry with respect to the intact hemisphere, and the stimulus intensity was set at 80%.
TMS intervention was designed to restore voluntary extension and abduction of the patient's affected thumb and fingers (i.e. opening the hand). The patients were seated as for mapping and threshold determinations. They were instructed to extend the thumb and fingers at all joints and abduct the thumb, index, middle, ring, and little fingers horizontally, without contraction of the unaffected upper limb in order to prevent associated movements. For the active TMS group, 3-4 sec after instruction was given, TMS was delivered with an intensity predetermined for each patient; then the patient was instructed to relax. Patients each received 100 stimuli per session. Intervals between stimuli were 10 sec. Patients wore earplugs during TMS.
For the sham TMS group, sham stimulation was given with the coil angled at 45°, during maximum effort of hand opening. only the edge of the coil was rested on the scalp. Stimulation frequency and intensity were set as for active TMS.
Averaged MEP were obtained for individual sets of trials. Peak-topeak amplitudes of averaged MEP were measured.
For individual patients these procedures were carried out at essentially consistent times of the day, at weekly intervals. Four weekly repetitions of the protocol were carried out. Thus, each patient received a total of 400 active or sham stimuli.
Clinical evaluations
Main outcome measures were hand motor function evaluated by Brunnstrom's protocol (13) , as well as the Stroke Impairment Assessment Set (SIAS) (14) , Modified Ashworth Scale (MAS) (15) and Manual Function Test (MFT) (16) . The SIAS assesses various aspects of impairment in patients with hemiplegia, including motor function, muscle tone, sensory function, range of motion, pain, trunk function, visuospatial function, speech, and intact-side function in terms of wellestablished psychometric properties (14) . Each of the 22 items is rated from 0 (severely impaired) to 3 (normal) for muscle tone, sensory, range of motion, pain, trunk, higher cortical function, and unaffected side function; or for motor function, to 5 (normal). For the hand, 1A indicates incomplete mass flexion of the digits; 1B, incomplete mass extension of the digits; and 1C, incomplete individual finger movement. The MAS scale assessment for the wrist flexors closely followed the rater's manual to improve reliability (17) . The MFT, an instrument for assessing motor function of the affected upper extremity in stroke patients according to well-established psychometric properties, is composed of 8 subtests; forward elevation of the arm, lateral elevation of the arm, touching the occiput with the palm, touching the back with the palm, grasping, pinching, carrying cubes, and peg-board manipulations. Ratings could range from 0 (severely impaired) to 32 points (full function) (16) . Both affected and unaffected sides were assessed.
Secondary outcome measures were SIAS items other than hand function, and the Barthel Index (18) . handedness was assessed using the Edinburgh laterality quotient (lQ) (19) .
Brunnstrom stage, SIAS, MAS, and MFT were assessed just before the first session, immediately after the fourth session, and one week after the fourth session. Barthel Index and Edinburgh lQ were assessed just before the first session.
Electroencephalography
we monitored brain activity with an online electroencephalographic (EEG) system to detect subclinical seizure activity. The recording electrode was positioned at the anterior edge of the coil, i.e. 3 cm anterior to the "hot spot". The reference electrode was placed at the earlobe on the stimulated side.
Statistical analysis
For analysis we used Statview software (version 5.0; SAS Institute, Cary, uSA). The Mann-whitney U test was used to compare the active TMS and sham TMS groups concerning Brunnstrom stage, SIAS, MAS, MFT, Edinburgh lQ, and Barthel Index. differences in distribution were evaluated using
RESulTS
All subjects completed the study without showing adverse effects. No epileptiform after discharges or sharp wave potentials were observed by EEG monitoring.
No statistically significant difference was evident between active and sham TMS groups concerning demographic data or clinical assessments at baseline (Tables I and II) . Cortical lesions were found in one patient (number 4) of the active TMS group and one patient (number 6) of the sham TMS group. More patients had resting MT over 80% of output in the active TMS group (4 of 5) than in the sham group (no patients; p < 0.05).
Improvements from baseline in clinical evaluations and in amplitudes of the averaged MEP immediately after and one week after completing the course of active or sham TMS are shown in Table III . Immediately after the fourth session, 4 of 5 patients in the active TMS group had either reduction of wrist flexor spasticity (MAS) or improvement in MFT on the affected side; this did not occur in the sham TMS group (p < 0.05). one week after the fourth session, improvement observed in those 4 patients in the active TMS group was found to be maintained. The difference between real and sham groups was not statistically significant because one patient in the sham group showed improvement in MFT, but a tendency toward better MFT scores in the active TMS group than the sham group was observed (p < 0.1). No statistically significant difference was evident between the 2 groups in improvement of voluntary hand movement as evaluated by either SIAS or Brunnstrom protocol, either immediately after or one week after the fourth session.
In the active TMS group, 3 patients who showed an increase in MEP amplitudes all had either reduction of wrist flexor spasticity (MAS) or improvement in MFT on the affected side. Another patient improved in MFT without an increase in MEP amplitude. The other patient (number 4), who showed neither improvement in the clinical assessment nor an increase in MEP amplitudes, had an embolic infarct of the middle cerebral artery territory and presented severe spasticity. dISCuSSIoN This small double-blind trial in patients with chronic hemiplegia demonstrated that TMS synchronized with maximal effort at hand opening either reduced spasticity of the forearm flexors or improved manual performance without definite enhancement of voluntary hand movement. Three of 5 patients in the active TMS group and 2 of 4 patients in the sham TMS group could not extend their affected fingers at the beginning of the trial, and accordingly were not candidates for constraintinduced movement therapy (5). Because TMS was combined with maximal effort at the target movement, we refer to the technique used here as effort-associated TMS.
In our previous single-case experience (11), the patient recovered lateral prehension by thumb movement and voluntary extension of the thumb, ring, and little fingers as well as isolated movements of the thumb and the little finger. In the present study, active and sham TMS groups did not differ in change of voluntary hand function as evaluated by Brunnstrom's protocol or SIAS, possibly reflecting fewer TMS sessions, older participants, or presence of an infarct rather than haemorrhage in most patients.
In previous reports concerning effects of rTMS or tdCS on motor function of the affected hand in chronic hemiplegic patients, these interventions improved reaction time, movement speed, or manual performance rather than voluntary hand function evaluated with clinical scales (20) (21) (22) (23) (24) . These results were comparable with those of the present study, where effort-associated TMS enhanced manual performance (MFT) or reduced spasticity that impeded rapid, fine movements. Improvement in MFT might be explained partly by spasticity reduction undetected by the MAS.
one possible mechanism for improvement in MFT or amelioration of spasticity is use-dependent plastic change of the motor cortex (8, 9) and spinal cord (25) . This explanation assumes that disuse of the hemiplegic hand had decreased motor pathway excitability, an effect that could have been reversed by excitation of the motor cortex and spinal cord induced by effort-associated TMS.
Motor imagery is known to produce facilitation of MEP in healthy subjects (26, 27) and patients after stroke (28) . A cortical mechanism for such facilitation has been demonstrated in healthy subjects (27) . on the other hand, training for poorly functioning patients in the chronic phase has been reported to lead to improvements, with findings suggesting reorganization of areas related to movements of the paretic limb (29) . Thus, one could assume that in the present study an intact but non-functioning corticofugal pathway for finger extension might have been activated during the effort to make the target movement, even when actual finger extension could not be achieved, with further activation by TMS synchronized with the effort. Enhancement of reciprocal inhibition could be a possible explanation for reduction of spasticity of the forearm flexors. Improvement of MFT scores observed in the sham TMS group one week after the fourth session also might have been related to the effort. Increased excitability of spinal motor neurones for the agonist muscles also could be involved. Functional motor unit number on the hemiplegic side has been reported to decrease in stroke patients (30) , although motor units have been reported to remain morphometrically unchanged in number (31) .
Because stimuli at 80% of maximal stimulator output were delivered through the stimulator coil overlying the sensorimotor cortex of our patients, excitation of the sensory cortex by TMS may have contributed importantly to the effects of intervention. Afferent inputs from peripheral receptors to the motor cortex (32) following responses to TMS may also have taken part.
Improvement in MFT and MAS in the active TMS group was maintained one week after the last TMS session. In chronic stroke patients such after-effects of a single rTMS session have rarely been reported. In previous reports 600-1500 pulses of 1-hz rTMS over the unaffected hemisphere (22, 23) or 160 pulses of 10-hz rTMS over the affected hemisphere (24) improved function in the affected hand immediately after stimulation. Considering homeostatic control of neural activity (33) , consolidation of changes in motor cortex excitability induced by rTMS would be necessary to achieve clinically significant improvement of the affected hand in chronic stroke patients. one previous report demonstrated that improvement of hand motor function induced by a 5-day course of low-frequency rTMS over the unaffected hemisphere in chronic stroke patients lasted for 2 weeks (21). In the effort-associated TMS used in our study, effort-associated activation of specific neural networks was repeated 4 times weekly, which might have been important in producing the long-term effects of the intervention, in a manner similar to use-dependent plastic change.
In the present study, MEP enhancement was also related to improvement according to a clinical scale, except in one patient in the active TMS group (patient 2), in whom no MEP could be recorded at the fourth session due to a technical problem. In previous reports any relationship between rTMS-induced change in hand function and MEP amplitude in the affected limb was equivocal (24, 34) . MEP is generated mainly by activation of the corticospinal motoneuronal pathway through the rapidly conducting pyramidal tract, which does not control all types of voluntary movements. Thus, unknown pathways apart from the pyramidal tract might contribute to behavioural improvement.
Finally, in the present study, the post-stroke interval was longer in the sham TMS group (though not significantly) and MEP thresholds were higher in the active TMS group. Such discrepancies might have influenced the effects of intervention. In addition, effects of ongoing physical and occupational therapy, measurement error, or normal performance variation should be considered, given that the behavioural differences between baseline and post-treatment time points were small.
Further studies, such as large randomized controlled trials with more TMS sessions and longer follow-up periods, would clarify the effectiveness and limitations of effort-associated TMS. In addition, the applicability of this intervention for patients at an earlier time-point after stroke onset should be examined as a potential way to accelerate motor recovery.
